
Copyright O 1978 American Telephone and Telegraph Company

The Bell System technical Journal
Vol. 57, No. 8, October 1978

Printed in U.S.A.

The Reliability of 302A Numerics

By A. S. JORDAN, R. H. PEAKER, R. H. SAUL, H. J. BRAUN,
and H. H. WADE

(Manuscript received December 9, 1977)

To assess the long-term reliability of Western Electric 7-segment

302A numerics, accelerated forward bias-aging (10 mA, 60° and 125°C)

and thermal cycling (-40° to 125°C) experiments have been performed.

In treating the bias-aging data, we strictly differentiate between LED

chip and digit failure and show that the times to chip failure—defined

here as the times required to reach a normalized efficiency ofr= 77/170

= 0.5—are lognormally distributed. The analysis of the data was fa-

cilitated by a novel computer-graphics routine which provides for each

digit on test a bar-by-bar description of the time-evolution of r. The

median life and standard deviation at 125°C and 10 mA for chips are

2400 hours and ~0.4, respectively. Furthermore, we find that the failure

distribution for digits can be obtained from the chip distribution by a

simple probabilistic consideration. The good accord demonstrated

between the experimental data and the theoretical curve derived from

the diffusion theory of red GaP LED degradation indicates that the

predominant mode of degradation in bias-aging of 302A devices is that

of the LED.

The thermal cycling response of 302A numerics encapsulated in

Hysol 1700 epoxy is excellent. Similar to bias-aging, the chip failure

distribution is lognormal, and chip and digit failures are interrelated

by the probabilistic law. For a temperature excursion between —40°

and 125° C, the median number of cycles to failure is 23,350 for chips

and 300 for digits. The cause offailure is identified by electrical testing

as open wire bonds.

Finally, the acquired data permit the estimation of the mean times

to failure (MTTF) and failure rates beyond infant mortality of 302A

numerics in a specific application such as Transaction telephone

sets under realistic operating conditions. The overall reliability of these

devices is excellent, characterized by an MTTF of 106 hours and a

maximum failure rate of less than 1 FIT for bias-aging over a 20-year

service life. Failures due to broken wires are estimated to yield an MTTF

of 109 hours and a failure rate of £4 FITS at 20 years of service.
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I. INTRODUCTION

The 302A and 302C red numeric displays designed* by Bell Labora-

tories and manufactured by Western Electric—Reading consist of 8 red

GaP chips arranged as 7 segments into a single digit and a right-hand

decimal point. Each chip is mounted in a separate reflector and con-

nected with either a common cathode (302A) or common anode (302C).

In both cases, the device is encapsulated in Hysol 1700 epoxy.t

In general, the effects of long-term thermomechanical, environmental,

and electrical operating conditions on device performance are deter-

mined concurrently with device development. The major objective of

this work was to obtain reliability information on 302A numeric display

devices by means of forward bias-aging and thermal cycling at acceler-

ated rates, which enables us to predict their long-term behavior, beyond
infant mortality, when used in typical Bell System applications.

First, we provide an outline of the experimental procedures employed

in the acquisition of failure data by high temperature forward bias-aging

and wide temperature-range thermal cycling. Then, the handling,

treatment, and graphic display of the copious amount of information

generated by the bias-aging experiments are discussed. Second, the time

evolution of the relative luminescent efficiency (r = 77^770) of 302A nu-

merics during bias-aging is compared to the predictions of the diffusion

theory of red GaP degradation. 1 Moreover, the failure distribution is

established for the entire sample of chips. Next, we determine the failure

distribution for thermal cycling and attempt to locate the thermome-
chanical weak points of a bonded chip. Finally, we discuss the evaluation

of the mean time to failure (MTTF) by a variety of criteria (i.e., alternative

definitions of chip and digit failure). It is shown on the basis of proba-

bilistic arguments that the failure distribution for digits can be calculated

from the chip distribution. Likewise, in the case of thermal cycling, chip

and digit distributions are convertible. The parametric values under

normal operating conditions can be extrapolated from accelerated failure

data by means of semi-empirical correlations. When they are combined

with a device utilization model for a specific application, the MTTFs and
failure rates induced by the forward bias and temperature cycling can

be readily estimated.

II. EXPERIMENTAL

2.1 Bias-aging

Seventeen 302A numeric devices were selected for long-term elevated

temperature forward bias-aging. Prior to aging (at t = 0), the light output

of every segment was measured at 25°C by a standard technique. 2

* The device was designed by C. R. Paola.
t A product of the Hysol Division, Dexter Corporation.
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Briefly, the output was determined segment by segment over a wide

range of pulsed test current inputs between 1 and 100 mA (including 2,

5, 10, 20, and 50 mA). At each pulsed current, the duty cycle was adjusted

to assure a constant 1 mA dc average current to minimize junction

heating. The segment electroluminescence was detected by a PIN 10

diode and its output after amplification was handled by an appropriate

software program on an HP 9830A minicomputer to yield a table of in-

formation stored on a computer file for all devices under testing.* The

table contains the light output of each segment of a given device mea-

sured over the entire range of measuring currents employed. The lowest

and average initial light outputs were 0.021 and 0.035 millicandella/mA,

respectively.

Following initial testing, the 17 devices were split into two groups (9

and 8 units in each group). One of the groups was aged at 60°, the other

one at 125°C, in ovens continuously purged with filtered N2. The devices

were placed in trays, each holding three devices, connected to power

supplies providing 10 mA dc forward bias. Periodically, all the devices

were removed from the ovens to determine the effect of bias-aging on

light output. Before performing the measurements by the above-de-

scribed procedure, the devices were allowed to cool for two hours to

25°C.

2.2 Thermal cycling

Ten 302A numerics were subjected to continuous temperature cycling

without bias in a controlled-environment chamber. Each cycle consisted

of cooling the devices in the chamber from room temperature (~25°C)

to a cold dwelling point at -40° C, then reversing to a warm dwelling

point at 125°C, and finally returning to ~25°C. At each temperature

extreme, the dwelling time was about 20 minutes. The cooling and

heating rates never exceeded 5°C/min.

The devices were mounted in ceramic sockets attached to a combi-

nation aluminum and phenolic test fixture through which electrical

connections could be made for periodic checks. As a result of progressive

thermal cycling, dark segments could be visually observed at the stan-

dard forward current of 10 mA dc. All the defective chips were faulty at

both temperature extremes as well as at room temperature. For the

duration of the first 100 cycles, checks were made at about every 5 cycles;

thereafter, the test interval was increased to approximately 25 cycles.

* The automated test facility was developed by J. W. Mann.
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III. DATA HANDLING PROCEDURE

Whenever the degraded light output is measured, each device in the

sample is characterized by 8 segments X 8 electrical values (including

the decimal point and the device voltage at 10 mA). For a total sample

of 17 devices, as many as 1088 numbers are acquired per test at all current

levels. Obviously, computer storage, retrieval, and treatment of the data

together with a suitable graphic display are required for detailed analysis.

Therefore, a time-sharing program has been developed which plots the

relative electroluminescent efficiency in a unique manner. First, the

program LED/EFFCAL reads the permanently stored file of raw data

generated by each light output measurement of any t. A short terminal

dialog permits the user to name the type of device involved because, in

addition to the 302A, the program is also applicable to other classes of

numerics as well as to a group of 10 discrete LED chips. Moreover, one

can specify the aging temperature and room temperature test current

and one of the two plotting scales. Then, a file is written which includes

the device identification number, aging temperature, total accumulated

aging time, test current, and the number of devices in test under listed

conditions. Moreover, an array is created from the raw data which, for

every digit of each device,* contains, segment by segment, the relative

efficiency as a function of the elapsed aging time.

As shown in Fig. 1, in accord with the accepted convention, the seg-

ments are designated by the alphabetic codes A, B ... G. For the A
segment of the ith device, the relative efficiency at t is given by

where the conversion factor relating light output to electroluminescent

efficiency 77 was cancelled. The array includes r'A for each time the light

output has been measured. In addition, it may be interesting to know
the relative degradation of any segment in comparison with the mean
value. For this reason, we devised the following statistical indicators:

(i) Device or digit mean, r,

7

*-**- (2)

(ii) Grand mean, r

n 7 . n

r=^f^ =^, (3)
In n

where n is the number of devices tested under identical conditions.

* Although in the case of a 302A numeric each device corresponds to a digit, allowance
is made in the program for numerics which consist of as many as 4 digits per device.
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Fig. 1—Top view of a 302A device showing letter designation of segments.

(Hi) Standard deviation—upper and lower confidence limits of the

grand mean at ~68-percent confidence level, ru and fg

/ n 7 \l/2

(E L (rk-r) 2

)

r„ = r +
In

and

re = r

(t E (rk-r) 2

)

1/2

7n

(4a)

(4b)

At the beginning of the file written for a given set of test conditions (i.e.,

aging temperature and current) r, ru and r> are listed in a time sequence.

At the end of the file, we find r, as a function of time for each digit.

A batch program named LED/EFFPLT accepts these arrays to produce

hard-copy plots of r versus time either using the rapid output STARE 3

system or the FR80 microfilm plotter, especially suitable for white prints

or viewgraphs. The two options for scales are loginr versus square-root

of time and r versus logintime. In Fig. 2, a computer-generated graphic
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Fig. 2—Computer-generated plot of logio normalized efficiency (r = tj/tjo) versus time *"*

[hours1/2
] for a 302A device aged at 125 °C and 10 mA. The dashed, dash-dot, and dot-dot

lines are the digit mean [eq. (2)], grand mean [eq. (3)], and standard deviation of grand
mean [eq. (4)], respectively.

output is presented for a 302A device aged at 125°C and 10 mA dc and
measured at 10 mA in the logior versus y/t projection. Note that, for each

segment of the digit, the symbol is its alphabetic designation in the order

shown in Fig. 1. When overlap of the letters interferes with clarity, a

slight horizontal displacement of the symbol along the time axis has been

introduced into the plotting routine. In addition to the discrete r values

of the individual bars, we also display the device mean, grand mean, and
its lower and upper confidence limits by continuous dashed, dash-dot,

and dot-dot lines, respectively. In Fig. 3, the data for the same device

are presented using the r versus log t scale option. It can be readily seen

that, at the chosen testing intervals, the former scale provides an evenly

spread distribution of points at long aging times, while the latter (r vs.

log t) achieves well-separated spacings at short times. Up to 3200 hours,

the normalized efficiency of the 302A is apparently independent oftime

when bias-aged at 60°C. This is shown in Fig. 4 on a logior versus vTplot.

Although the r scale is magnified here compared to Fig. 2, it does not
appear to illustrate more than measurement fluctuations. Of course, this

2988 THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1978



1.0

0.9 -

0.8 -

o

< 0.7
cc

>-

u
z
LU

O
il 0.6 h

0.5 -

0.4 -

0.3

LEGEND
F

/7/
8

CHC1I AVIRACC
GUAM) UIM,

, of v» i a.

I 10 102 103

TIME IN HOURS
SOME POINTS HAVE BEEN OFFSET FOR CLARITY

10*

Fig. 3—Computer-generated plot of normalized efficiency (r = jj/t/ ) versus logio time
for a 302A device aged at 125°C and 10 mA. The dashed, dash-dot, and dot-dot lines are

the digit mean [eq. (2)], grand mean [eq. (3)], and standard deviation of grand mean [eq.

(4)], respectively.

is consistent with the activation energy of red GaP LED degradation

(0.7 eV) 5 which leads to very little change in r at 60°C in the first few

thousand hours.

These detailed computer-generated figures are very handy in a rapid

assessment of numeric degradation and also as an intermediate step for

further analysis. In particular, one can immediately see to what extent

an individual chip departs from the digit and grand means. In addition,

as shown in the next section, the MTTF of the failure distribution can

be readily evaluated from the plots under a variety of failure defini-

tions.

RELIABILITY OF 302A NUMERICS 2989



0.9

0.8

0.7

LEGEND

'171*

DKJIl AVERAGE
GRAND Ut Af,

. OEWATION

30 40 50 60

VTIME

SOME POINTS HAVE BEEN OFFSET FOR CLARITY

Fig. 4—Computer-generated plot of logio normalized efficiency (r = t/A/o) versus time 1/2

[hours] 1/2 for a 302A device aged at 60°C and 10 mA. The dashed, dash-dot, and dot-dot
lines are the digit mean [eq. (2)], grand mean [eq. (3)], and standard deviation of grand
mean [eq. (4)], respectively.

IV. RESULTS AND DISCUSSION
4.1 Bias aging

To compare the bias-aging results on 302A numerics with existing

information involving discrete red GaP LED chips, we have replotted

from Fig. 3 the grand mean of the normalized efficiency and its standard

deviation as a function of logiot in Fig. 5. Superimposed on the same

figure is the calculated course of degradation at 125°C ambient tem-

perature and 10 mA stress current (132°C junction temperature). The
theoretical curve is based on the diffusion theory of red GaP LED deg-

radation. 1

Recently, the time evolution of nonradiative centers, thought to be

responsible for the long-term degradation of red GaP LEDs, has been

modeled. It has been postulated that degradation is due to the diffusion

and accumulation of an undesirable impurity or point defect through

the depletion layer as the p-n junction potential, which retards defect

motion, is reduced by the forward voltage. An explicit analytical ex-

pression between r and t was derived which provided a good fit to the

degradation data for discrete diodes obtained at various junction tem-

peratures and stress currents. The equation for r is of the form 1

r(t)= -

; , (5a)
VI + r + y<p(t/9)
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Fig. 5—Normalized efficiency versus log10 time for 302A numerics aged at 125°C and
10 mA. The full line is calculated from the diffusion theory of red LED degradation |eq.

(5)]. The data points are the grand mean and its standard deviation for all segments of
the sample (see Fig. 3).

where p is an infinite series, 7 is a constant which is proportional (among
other quantities) to the initial undesirable impurity concentration and
electron lifetime of a diode lot, and ro reflects the rapid drop in rj at rel-

atively short aging times. The quantity is related to the diffusivity (D ),

activation energy (AHa ), and stress current (/stress) according to

-=*IstresSe-*H°/kT
, (5b)

where a is a known constant of proportionality.

To calculate the degradation curve in Fig. 5 from eqs. (5), we made use

of the parameters listed in Ref. 1. However, on account of the lot-de-

pendent properties of 7, a small upward adjustment in its value was re-

quired to achieve optimum description of the data. Without this change,

the computed r values would be approximately 10 percent above the

plotted ones at times in excess of 1000 hours.

The good agreement seen between the experimental normalized ef-

ficiencies for 302A numerics and the theoretical curve indicates that

these red devices do not exhibit failure modes in addition to LED deg-

radation. This finding is corroborated by the 125°C storage aging of

numerics which has not discolored the Hysol 1700 encapsulant. Thus,
it appears that the optical coupling efficiency of 302A numerics is in-

variant during bias aging.

Since the normalized efficiency of individual segments visibly deviates

from the grand mean (Fig. 2), the failure of 302A numerics must be
distributed by some statistical law. Detailed digit-by-digit failure plots

similar to Fig. 2 permit the determination of the failure distribution as

a consequence of bias aging. The following possible failure criteria are

worthy of exposition in some detail:
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(i) Chip failure: Whenever any one of the In chips in the samples

reaches r l

A = 0.5, that time is denoted as the time to chip failure

(TTCF).

(ii) Digit failure: The time for the first chip in each device to attain

= 0.5 is designated as the time to digit failure (ttdf).

Digit mean failure: The time for any digit mean r,- [eq. (2)] to
r

l

A
[in,

equal 0.5 is named the time to digit mean failure (TTDMF);

(id) Grand mean failure: When the grand mean normalized efficiency

[eq. (3)] r = 0.5, we speak of time to grand mean failure (TTGMF).

Each one of these quantities possesses a mean except TTGMF.

The total number of chips in our sample of 8 aged at 125°C is 8 X 7 =

56. In Fig. 6, we present on lognormal graph paper the time to chip failure

as a function of cumulative failure percent.3-4 The TTCF values were

taken from computer-generated plots for each 302A digit, identical in

form with Fig. 2, and then rank-ordered to provide the cumulative fail-

ure. It should be noted that TTCFs above ~3400 hours were obtained by

linear extrapolation on the Vt plots.5 Hence, the longer the time to chip

failure is, the less accurate the TTCF value becomes. Fortunately, this

is probably not important except in the case of the last two points.

The linearity of the TTCF plot in Fig. 6 indicates that the failure dis-

tribution for 302A numeric chips is lognormal, as is the case for 1A

opto-isolators,6 which utilize GaP LEDs and also for numerous semi-

conductor devices.7 Least-square analysis provides the following log-

normal parameters for the chip failure distribution.4

na = In tma = 7.783

tra = 0.37,

where the median life, tma , is 2400 hours. It can be seen that the distri-

bution is very tight, as aa is quite small.
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Fig. 6—Time to failure versus cumulative failure percent for 302A numerics aged at

125°C and 10 mA. The symbols O, D, and A correspond to failure criteria (i), (it), and (Hi),

respectively (see text). The solid line is a least-square line for chip failure, while the dashed

line is calculated from eq. (9) for digit failures.
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The time to digit mean failure as a function of cumulative failure

percent is also shown in Fig. 6. Each one of the computer-generated plots

for each device, similar to Fig. 2, yields one value ofTTDMF. Because each

time value is the result of averaging seven normalized efficiencies, the

standard variation is smaller than for TTCF. However, the median life

tmc = 2200 hours, which is almost the same as for chip failure.

Perhaps the most important distribution for numerics is the time to

digit failure, since it is reasonable to assume that ifany one chip in a 7-bar

numeric loses half its efficiency, the displayed numerals may not be

correctly discriminated by eye. The TTDF distribution is also shown in

Fig. 6. Its construction from the computer-generated digit-by-digit

graphic outputs is self-evident. We can see that in comparison with a tma

of 2400 hours for chips, the median life for digits, tmb , is reduced to 1600

hours with an accompanying decrease in a. In Table I, we summarize the

median lives obtained by a variety of methods. It can be seen that all the

values but the median of TTDF are closely spaced.

However, the chip and digit failure distributions are related by the

laws of probability. The reliability function for chip failure Ra is the

complement of the plotted cumulative failure Qa , hence at any time t

Rait) = 1 - Qa (t). (6)

Ra expresses the probability that the chip will survive to t. If the chip

failures in the device are independent, then the reliability of the digit,

Rb, assuming device failure if any one of the segments fails {.r
l

A < 0.5),

is given by8

Rb (t) = Rl(t). (7)

Obviously, the TTDF definition is consistent with eq. (7). The cumulative

failure function for device failure, Qb, is of the form

Qb (t) = 1 - R b (t) = I ~ Rl(t). (8)

Finally, a combination of eqs. (6) and (8) yields

Qb(t) = l-a-Qa (t)V. (9)

The cumulative device failure function Qb for 302A numerics can be

Table I
— Median lives for a 302A red numeric

at 125°Cand 10 mA

Method
>

in, (hours)

Chip failure 2400

Digit mean failure 2200

Digit failure 1600

Grand mean failure* 2300

Diffusion theory (r = 0.5)* 2200

Not a median but a single value.
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readily obtained from the full line (lognormal distribution) in Fig. 6 and

eq. (9). The dashed line in Fig. 6 is the calculated Q&. Considering the

small sample size in terms of digits, the calculated line is a surprisingly

good representation of the cumulative failure data for digits. The median

life appropriate for Qb is 1500 hours, which should be compared with the

empirical result of 1600 hours. Therefore, it matters very little how the

median lives are computed (chip versus device), as long as the results

are correctly interpreted. Furthermore, although the median lives ob-

tained by various criteria nearly coalesce, this may not be true of the

MTTFs and failure rates as those quantities also involve the standard

deviations which, according to the slopes over the data in Fig. 6, are quite

variable.

4.2 Thermal cycling

In thermal cycling, chip failure is sudden and manifests itself as a dark

segment on testing. In analogy with the definition invoked in the section

on bias-aging, digit failure occurs at the number of thermal cycles at

which the very first segment fails to light up. In Fig. 7, we present a

lognormal projection of the number of cycles to failure versus cumulative

failure percent, both in terms of chip as well as device failure, for 302

A

red numerics encapsulated in Hysol 1700 epoxy.

Again, as in the case of bias-aging, the failure distribution follows the

lognormal pattern, as it plots as a straight line on the lognormal graph-

paper. Least-square analysis yields the following parameters for chip

failure:

Htc = In tmtc = 10 and atc = 3.27,

where tmtc = 23,350 is the median number of cycles to failure (MCTF).

The large standard deviation corresponds to a widely spread failure

distribution. This is also clear from the steepness of the data and the

least-square (solid) line in Fig. 7.

The probabilistic equation derived in the previous section on bias-

aging to calculate the digit failure distribution from information on chips

is also valid for thermal cycling. Applying eq. (9) to the lognormal line

for chips, we can calculate the number of thermal cycles to failure as a

function of cumulative failure function for digits. The dashed line in Fig.

7 represents the digit cumulative failure function. The digit MCTF is 300.

It is apparent that there is excellent agreement between the theoretical

line and the data points for digit failure.

The effect of increasing the number of digits in the same package is

also shown in Fig. 7. The dash-dot line is the cumulative failure function

for a hypothetical 302A-like device consisting of four digits (28 bars).

It is obvious that, with increasing complexity, there is a drastic drop in

the MCTF with a somewhat compensating drop in standard deviation.
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To locate the source of thermal cycle failure, a number of devices with

numerous chip failures were lapped and polished until the gold leads to

the diodes were exposed. A detailed view of the lapped area of a 302A

numeric is illustrated in Fig. 8. The polishing of the lens continued to

the point at which the anode connecting Au wire was broken between

the lead frame and the die-bonding pad. Due to the ambiguity of viewing

the location of failure, simple electrical checks were performed. Using

cathode pins as the common terminal, a fine needle point probe with +2V
bias was successively applied to the ends of the severed Au wire and to

the bonding pads by piercing the plastic. As a result of such tests, we
determined that, after thermal cycling, open circuits develop which are

evenly distributed between breaks in the neck of the ball bond and the

heel of the wedge bond.
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Fig. 8—Cutaway view of a 302A numeric showing the exposed bonds.

4.3 Reliability calculations—device utilization model

It should be very strongly emphasized that the adequacy of a given

median life and a combination based on exhaustive tests can only be

judged if the device designer possesses information from systems engi-

neering on its anticipated application. Hence, a device utilization model

for the 302A numeric is essential.

One use of the 302A display is in Transaction telephone sets.

If we envision very frequent operation, such as in airline terminals, fresh

information may appear on the displays as often as every minute for a

30-s duration. The devices operate at 10 mA dc, which leads to a 7°C
junction heating. Thus, if the ambient temperature is 27°C, the devices

are exposed to 34°C. During the off-state, the time (30 s) is too short to

reach thermal equilibrium with the ambient. Therefore, we assume a

temperature fluctuation or cycling excursion of no more than AT =

2°C.

The model in combination with the reliability data derived herein

permit the estimation of the failure rates and MTTFs during device op-

eration under forward bias, and also on account of temperature varia-

tions. We shall give the reliability-associated properties for both LED
chips and digits at 20 years of service.

(i) Bias Aging: The accepted activation energy for red led degradation

is 0.7 eV.5 With this value, the Arrhenius-law multiplier between the

aging temperature (132°C) and use temperature (34°C) becomes 604.

Applying the multiplier to the chip and digit median lives, tma = 2400
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and tmb = 1600 hours, respectively, we obtain at the use tempera-

ture*

tma (34°C) = 1.45 X 106 hours, tmb = 9.66 X 105 hours.

The standard deviations are usually taken as temperature-independent

constants, and their values are

oa = 0.37 and ob = 0.27.

It should be noted that the device failure distribution (Qb ) is not strictly

lognormal and ab results from the linearization of the dashed line in Fig.

6.

The above parameters yield the following MTTFst and maximum
failure rates for a 20-year* service life beyond infant mortality: 3,4

MTTFa = 1.57 X 106 hours and MTTFb = 1.01 X 106 hours

and

Xa « 1 FIT and Xb « 1 FIT.

These failure rates for bias aging are outstandingly low. This is a con-

sequence of the fact that both the chip and device distributions, as shown

in Fig. 6, are very tight, corresponding to a small a. If it is assumed that

the investigated lot was atypical and occasionally aa and <rb may become

as large as 1 and 0.9, respectively, then we obtain for the Xs

Xa = 90 fits and \b = 150 fits,

indicating, as expected, that the failure rate for chips is less than for

digits.

(ii) Thermal Cycling: To relate the median number of cycles to failure,

MCTF, obtained by long-term wide AT excursion experiments to the

small AT excursions encountered in use, an acceleration factor is re-

quired. We have estimated this factor on the basis of previous work on

gold beam fatigue. Dais and Howland9 have shown, for rubber encap-

sulated devices tested in the plastic deformation domain, that the

magnitude of the temperature excursion between AT = 400° and 45°

C

is a monotonically decreasing function of the median number of cycles

to failure. We can characterize the dependence of AT on cycles by a

power law with an exponent increasing from ~—0.5 (Coffin's Law10
) to

a limiting value of—0.1. In addition, theoretical analysis of typical

device structures indicates that the magnitude of the maximum elastic

AT span for rubber encapsulant is about twice that for epoxy. 11 Thus,

* The subscriptsa and b denote chip and device reliability properties, in accordance with
the definitions in Section 4.1.

t MTTF = tme"2/2
.

1 The effective service life is only 10 years due to the duty factor of 0.5.
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it seems reasonable to take AT = 20°C as the transition temperature

between elastic and plastic deformation for the epoxy encapsulant.

Consequently, by extrapolating the results of Dais and Howland9 be-

tween AT = 165° and 20°C, we obtain ~3 X 107 as the approximate ac-

celeration factor appropriate for 302A numerics. Since a temperature

cycling range of only 2°C is anticipated in use, the deformation always

remains elastic. Hence, the acceleration factor and failure rates given

here should be considered as lower and upper bounds, respectively.

A combination of the acceleration factor and the experimental values

MCTFexpa (23350) and MCTFexp fc
(300 cycles) for chip (a) and digit (6)

failure, respectively, yields

MCTF usea = 7 X 1011 cycles and MCTFusefc = 9 X 109 cycles

and <rtca = 3.27 and trtcb
= 2,

where atc b is from the hypothetical linearization of the dashed line in

Fig. 7. Since in operation there are 60 cycles/hour, the median lives be-

come

tmtca = 1.2 X 1010 hours and tmtcb = 1.6 X 108 hours.

The above parameters yield the following MTTFs and failure rates,

\tc , at 20 years of service life:
3,4

MTTFtca = 2.5 X 1012 hours and MTTF (cb = 1.1 X 109 hours

\tca = 2 FITS and Xtcb = 4 fits.

In conclusion, we find that the 302A red numeric performs very reli-

ably in specific applications such as the Transaction telephone.

We have shown that the long-term failure rates associated with LED
degradation and junction heating induced thermal cycling are very low,

namely, no more than 4 FITS over 20 years of continuous service.
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